ABSTRACT Sequential feeding programs (Seq) of 2 feeds, 1 protein rich-energy poor and 1 energy rich-protein poor, during the same day or every other day were compared with a control complete diet for male broiler growth and body composition from 15 d to market weight. In experiment 1, BW gain and breast meat yield were significantly lower than those of controls for 24-hcycle Seq with extreme protein content difference between the 2 feeds. BW gain and breast meat yield were higher than those of controls when feeds with moderate differences [feed moderately rich in protein (PM) = 26% CP; feed moderately rich in energy (EM) = 16% CP] were fed. Feeding periods that were half as long but changed twice as frequently gave less favorable results. In experiment 2, effects of allowing access to feed for different lengths of time were measured. The treatments in a 24-h cycle were a constant control diet, 50% PM-50% EM,
INTRODUCTION
The sequential feeding of feeds of different nutritional values is practiced in Europe when, for example, whole grain wheat is successfully alternated with a complementary protein-rich feed (Noirot et al., 1998) . Sequential feeding recently proved to be effective in reducing mortality under acute heat challenge during the finishing period (De Basilio et al., 2001) and to reduce gait score and increase activity of young broiler chickens (Bizeray et al., 2002) . Intermittent feed restriction in young domestic fowls alters hormonal status and contributes to a metabolic status that might enhance immunocompetence (Nir To whom correspondence should be addressed: picard@tours. inra.fr.
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40% PM-60% EM, or 80% PM-20% EM decreasing to 40% PM-60% EM. Chickens fed 40% PM-60% EM had a 6% lower BW gain and a 3% higher feed/gain ratio and were fatter than those from other treatments. In experiment 3, male chickens fed a 48-h-cycle Seq of EM and PM every other day had the same BW gain, feed intake, and feed/ gain ratio as controls. In experiment 4, five 48-h-cycle Seq with varying differences of energy and protein contents between EM and PM gave similar or slight reduction of performances compared with controls. A field trial with 8 flocks of broilers confirmed that feeding high and low protein feeds on alternate days resulted in performance similar to that from feeding a complete feed despite large day-to-day variations in lysine intake. Converse to shorter phases, Seq for 48-h cycles offers new opportunities for practical application and also for studies of short-term regulation of protein and lipid metabolism in chickens. et al., 1996) . Such interactions between nutrition and the livability of broilers are a major issue in the production of heavy birds for further processing. However, such techniques can be developed only if growth, feed conversion, and body composition are not adversely affected.
Earlier studies have suggested that alternating feeds of different amino acid compositions complement each other when fed sequentially to 2-wk-old chickens if the time between access to each of the 2 feeds does not exceed 6 to 12 h (Gous and Du Preez, 1975) . Conversely, in older broilers the protein contents of feeds could be varied for phases of 1 to 3 d, with no significant reduction in protein utilization compared with a complete diet (Rys and Koreleski, 1980) . When an unbalanced feed was given and then a choice offered, chickens compensated by eating the complementary feed. However, if the unbalanced feed was tube-fed, chickens did not eat more of the complementary feed, suggesting that chickens can compensate for phases of access to a low or a high protein food only if they are able to gauge the sensory properties of the foods (Forbes and Shariatmadari, 1996) . If broilers have an efficient ability to adjust to variations in their diet, sequential feeding requires precise re-evaluation in meat chickens because it might offer a new mode of monitoring broiler growth, and it might have significant effects on low-cost feed formulation.
Feeding high and low protein feeds on alternate days has been shown to induce a relatively small and insignificant reduction in BW gain compared with complete diets and shorter sequential phases (Rosebrough et al., 1989; Shariatmadari and Forbes, 1993; Forbes and Shariatmadari, 1996) . Rapid adjustments of muscle protein synthesis and lipogenesis were reported after refeeding or changing the dietary protein concentration of the feed (Kita et al., 1996; Rosebrough et al., 1996; Aman Yaman et al., 2000b) , suggesting that sequential feeding might be an effective technique to monitor broiler metabolism.
Two questions arise from this brief survey of published studies : -Do sequentially fed chickens adjust their intake accoding to the energy or according to the protein concentration of each feed? -Would extending the period of each feed up to 24 h be an effective way to enforce the intake of each feed or, on the other hand, would an interval that is too long between imbalanced energy-protein nutrient sources hinder effective anabolism and muscle growth?
The aim of the following experiments was to evaluate the effects of certain basic sequential feeding programs on growth, feed conversion, and body composition of male broilers from 2 to 7 wk of age. Experiments were designed to provide information to the questions raised above. The first 2 experiments studied various alternations of protein-rich feed and energy-rich feed over the same day (24-h cycle). The third experiment was exploratory and evaluated the possibility of daily alternation of feeds (48-h cycle) compared with a control complete feed and with random accesses to the 2 sequential feeds. The fourth experiment quantified the effects of the protein or energy content of the protein-rich feed in 48-h cycles. The additivity of AME n values was measured when some experimental feeds were fed sequentially every other day. The results obtained were applied to a field trial comparing a 48-h sequential feeding program with a regular complete feed in 4 twin flocks of 34,500 broiler chickens each.
MATERIALS AND METHODS

Experimental Procedures
Experiment 1. 24-h Cycle: Phase Duration and Feed Composition. One hundred ninety-two 1-d-old male broiler chicks (Cobb 500) were wing-banded and randomly distributed into 16 pens (1 × 3 m, 12 chicks per pen, 4 pens per treatment) in an environmentally controlled poultry shed at the poultry research center in Nouzilly, France. For the first 2 wk, all chicks were raised according to a standard procedure with water and a standard feed available ad libitum (De Basilio et al., 2001) . Lighting was reduced from 24L:0D to 10L:14D daily after the age of 3 d and was then increased to 16L:8D daily at the age of 14 d and thereafter by 2 h/wk to reach 24L:0D after 42 d of age. Environmental temperature was progressively reduced from 32°C, according to Cobb's recommendations, and then maintained at 20°C after the age of 28 d. Feeds were provided in special feeders with 2 compartments and a turning shutter system to give access to none of the compartments during the night and only 1 of the 2 compartments at any time of the day. The position of the shutter system was individually monitored for each pen by programmed electronic clocks.
At the age of 14 d, chickens were given 1 of 4 dietary treatments, with 4 replicates per treatment. All feeds were pelleted (2.5 mm). The control treatment was complete feed C1 from 2 wk to 4 wk and C2 from 4 to 7 wk (Table 1) . A second treatment used feeds with extreme differences in protein content (Table 1 ). The high-protein feed (P) was available during the first 8 h of light each day, and the low-protein (energy-rich) feed (E) was available during the remainder of the day. Feeds P and E were formulated to provide the same nutrient intake as the control feed so long as feed intakes of P and E were proportional to the length of time each was available.
A third treatment also offered P and E in sequence. The P was available for 4 h, then E, followed by P for 4 h, and E again. The times that E was available were equal and were altered by the hours of light. A fourth treatment used a sequence of feeds that had more moderate differences in protein content than those used in treatments 2 and 3. The feed moderately rich in protein (PM) ( Table  1) was available during the first 8 h, as in treatment 2. The feed moderately rich in energy (EM) was available the remainder of the day, as in treatment 2. This treatment was included because preliminary observations indicated under-consumption of feed P used in treatment 2. Distribution of the E or EM feed increased according to the lighting program, from 8 h at 2 wk of age to 16 h after 6 wk of age.
Chicken BW were individually measured once a week. Feed intake was recorded twice each week by weighing feed refusals in each compartment of the feeders. At 49 d of age, 4 average-weight broilers per pen were slaughtered, and the breast meat, leg, and abdominal fat weights were recorded.
Experiment 2. 24-h Cycle: Phase Duration. Seven hundred sixty-eight 1-d-old male broiler chicks (Cobb 500) were randomly distributed into 24 pens (2 × 2 m, 32 chicks per pen, 6 pens per treatment) in a poultry shed with a semicontrolled environment at the poultry research center at Montardon, France. Environmental conditions and the lighting program were the same as in experiment 1. There were 2 feeders per pen that were Control complete diets C1, C2, C3, C4 or C5 were compared with sequential diets alternating 2 feeds. E = energy-rich feed; EM = feed moderately rich in energy; P = protein-rich feed; PM = feed moderately rich in protein. Control complete diet C6 was compared to 5 sequential (Seq) diets: the first 2 Seq diets alternated isoenergetic feeds differing by their CP content; Seq diets 3 to 5 alternated 3 protein-rich feeds (PM1 to PM 3) differing by their ME content with the same energy-rich feed (EM). manually moved up and down to give access to each feed alternately.
At the age of 14 d, chickens were given 1 of the 4 experimental treatments: a control complete feed, C3 (Table 1); PM offered one-half of the time, and EM offered the other half of the time each day; PM offered 40% of the time, and EM offered 60% of the time each day; and 80% PM each day decreasing to 40% each day at the rate of 10% per week. The compositions of feeds EM and PM were formulated so that a 50/50 proportion of each feed would match the characteristics of the complete diet C3 (Table 2 ). All feeds were pelleted (2.5 mm).
Chicken BW and feed intake were measured per pen every 2 wk and at 7 wk of age. At 49 d of age, 18 broilers of representative BW average and variation per treatment were slaughtered, and the breast meat, leg, and abdominal fat weights were recorded.
Experiment 3. 48-h Cycle: Phase Duration. The number of broilers and replications per treatment, equipment, and general conditions of this experiment were similar to those described for the first experiment except that it finished at 38 d of age.
At the age of 14 d, chickens were allocated to 1 of the 4 experimental regimens: a control with complete feeds C4 (Table 1 ) from 2 to 4 wk and C5 from 4 to 6 wk; PM offered 1 d and EM offered the following day; EM offered 1 d and PM offered the following day; and a sequential program using the same PM and EM feeds given in a random order over periods varying from 30 min to 12 consecutive h (Seq random). For this regimen, the total duration of access allocated to both feeds was equal over a 48-h cycle. All feeds were pelleted (2.5 mm). Chicken BW were individually measured once per week. Feed intake was recorded twice a week by weighing feed refusals in each compartment of the feeders.
Experiment 4. 48-h Cycle: Feed Composition. Seven hundred sixty-eight 1-d-old male broiler chicks (Cobb 500) were randomly distributed among 48 pens (1 × 2 m, 16 chicks/pen, 8 replications per treatment) in a poultry shed with a semicontrolled environment at the poultry research center at Montardon, France. Environmental conditions and lighting program were similar to experiment 2.
At the age of 14 d, chickens were given 1 of the 6 experimental regimens. One was a complete feed (C6, Table 2 ). Five sequential (Seq) regimens alternated 2 different feeds on daily basis. The first 2 sequential regimes compared isoenergetic feeds with different CP and essential amino acid content. In Seq1 the 2 alternated feeds differed by 5% CP content (High CP = 22.1% CP; Low CP = 17.3% CP); In Seq2 the 2 alternated diets differed by 11% CP (very high CP = 25.2% CP; very low CP = 14.1% CP). The other 3 sequential regimens had a 10% gap in CP content between the PM and EM feeds. A constant E feed (EM = 3,240 kcal ME/kg) was used for the 3 sequential regimens with 3 feeds of increasing energy concentrations. Seq3 combined PM1 (2,610 kcal ME/kg) with EM. Seq4 combined PM2 (2,830 kcal ME/kg) with EM. Seq5 combined PM3 (3,130 kcal ME/kg) with EM. All feeds were pelleted (2.5 mm). Chicken BW and feed intake were measured per pen every 2 wk and at 7 wk of age. At 49 d of age, 20 broilers of representative BW average and variation per treatment were slaughtered, and breast meat, leg, and abdominal fat weights were recorded.
Digestibility Tests. 48-h Cycle. One hundred fortyfour 1-d-old male broiler chicks (Cobb 500) were raised on a commercial diet under standard conditions in floor pens for 14 d at the poultry research center, Villerable, France. At the age of 15 d they were distributed into specially equipped battery cages for digestibility tests either individually (72 chicks) or in groups of 2 chicks/ cage (72 chicks). Light was on from 0800 until 2400 h. They were allowed to adapt to the experimental regimen for 4 d. From 20 to 24 d of age, the balance trial started with 16 h of starvation followed by 80 h of ad libitum feeding and finished with 16 h of starvation. Total voided feces were collected for the last 96 h of the test for each cage.
Feeds C5, PM, EM, and Seq alternating PM and EM as described in experiment 3 (Table 1) were tested with 9 replications of 2 chicks per cage. The very high CP, very low CP, PM1, PM3, and EM (twice) feeds and Seq regimens 2, 3, and 5 of experiment 4 (Table 2) were tested with 8 repetitions of 1 chick per cage. All balance trials on sequential regimens started the feed distribution with the highest protein concentration and finished with the lowest, and phases of feed distribution lasted 24 h except for the last 8 h.
BW and feed intake of chicks were measured from 16 to 24 d of age. AME n was determined according to a common procedure adopted by several European laboratories (Bourdillon et al., 1990) . Periods of feed distribution, feces collection, DM, nitrogen, and energy analyses of the feed and of the feces are described in this procedure.
Field Trials. 48-h Cycle Seq. Two broiler farms were selected, each equipped with 2 identical poultry sheds and consistent technical results over the last 12 mo. The poultry sheds were 1,500 m 2 Colorado houses with lateral air extraction. Broilers in one house were fed the control diet (Table 3) , and those in the other house were fed a P or E feed on alternating days. Each poultry shed was equipped with 2 bins, which made it possible to alternate feeds for the sequential regimen from 3 to 6 wk of age. The stock used was unsexed Hubbard-ISA broilers obtained from the same hatchery. Target slaughter age was 41 d. Bird density was 23 chickens/m 2 . Lighting was 20L:4D for the first 10 d, reduced to 14L:10D for 5 d, and then progressively increased to reach 20L:4D again after 35 d of age. The comparison between a control complete diet and a sequential regimen was repeated 2 times at each farm with inversion of the shed allocated to the experimental regime for the second trial (4 replications per treatment). All feeds were formulated and manufactured by the same feed plant. The sequential regime feed composition anticipated 5% over-consumption of the E feed compared with P feed (Table 3) .
Mortality and feed intake were recorded daily in each shed. Total feed intake and BW at time of delivery were obtained from production records. A trained observer who was blind to the regimen fed in the shed counted the number of lame broilers during a standardized 200-m slow walk inside the shed during the last week of production (1 min/20-m segment). The observer recorded the number of lame birds among the chickens walking away from the 1.20-m-wide area in front of him. Birds were recorded as lame when the gait score was above 2 according to Kestin' s classification (Kestin et al., 1992) . Birds with a score above 2 had an obvious gait defect that affected their ability to move about and included birds incapable of sustained walking without the assistance of their wings. A sample of 100 broilers was further processed at the slaughterhouse by professional staff, and the total breast muscle mass was weighed for each of the 8 flocks.
Statistical Analyses
The BW and feed intake data were averaged per pen prior to analysis. BW, feed intake and feed/gain ratio, and individual body composition records (16, 18, and 20 per treatment in experiment 1, 2, and 4, respectively) were analyzed by one-way ANOVA. When significant (P < 0.05) the treatment means were tested by the multiple comparison test of Student, Newman, and Keuls. In digestibility tests, averages and standard errors were calculated for AME n of each feed or Seq. In field trials, given the limited number of data on large samples of chickens, average results from each flock are presented. Paired ttests were applied to BW and feed intake, whereas occurrence of lameness (number of lame chickens observed) was compared by Wilcoxon's paired test.
RESULTS
Experiment 1. 24-h Cycle: Phase Duration and Feed Composition
Seven chickens died or were culled during the experiment, of which 3/48 were controls, and 4/144 were sequentially fed. No major leg disorders were observed. Compared with that of the chickens fed the control diet, BW gain was significantly reduced when chickens ate Feeding periods that were half as long changed twice as frequently within the 24-h-cycle. P = protein-rich feed; E = energy-rich feed; PM = feed moderately rich in protein; EM = feed moderately rich in energy.
feeds P and E alternately during the same day and conversely increased when they ate feeds PM and EM alternately during the same day (Table 4) . Feed intake was reduced on average by 14% when P and E feeds were eaten compared with the other regimens. Feed/gain ratio was 6% higher in the P-E-fed broilers compared to the PM-EM-fed birds. However, the differences in feed/gain ratio between the Seq-fed and the control chickens did not reach significance (Table 4) .
For control chickens, feed intake was proportional to time allocation, although sequentially fed chickens showed a significantly higher intake of E feeds. This was amplified with feeding periods that were half as long but changed twice as frequently compared with the single sequential regimens. Detailed observation of the feed intake ratios with increasing age indicated that chickens fed the P and E feeds twice a day (after 3 d) very rapidly decreased intakes of the P feed to 25 to 30% of the total intake. Late compensation was observed at 38 to 41 d of age when the chickens transitorily increased their P feed intake to 40% (Figure 1 ). The single sequential regimens (P-E and PM-EM) followed a similar regular pattern, with a 20% lower intake of the P feeds in relation to time FIGURE 1. Evolution of feed intake with age during the phase of distribution of the protein-rich feed in the sequential (Seq) diets compared with the control complete diet (experiment 1). E = energy-rich feed; EM = feed moderately rich in energy; P = protein-rich feed; PM = feed moderately rich in protein.
allocation and 20% higher intake of the E feeds. The postcalculated average energy content of these regimens was 2,860, 2,900, 2,920, and 2,800 kcal/kg for control, Seq alternating P and E once per d, Seq alternating P and E twice a d, and Seq alternating PM and EM once a d, respectively. Their respective average lysine concentrations were 1.00, 0.90, 0.86, and 1.15%.
Breast meat yield was considerably lower in broilers eating P and E feeds sequentially compared with the other 2 treatments. There were no significant differences for leg yields (Table 4 ). The double sequential program-fed chickens with P and E feeds were fatter than their PM-EM-fed counterparts.
Briefly, in experiment 1 sequential feeding resulted in under-consumption of the P feeds, accentuated by doubling the frequency of feed distribution. Compensating for this trend by increasing the protein content of the feeds and reducing the difference between the 2 feeds (PM-EM) resulted in equal or even better performance compared with the control complete feed-fed chickens.
Experiment 2. 24-h Cycle: Phase Duration
A warm period with environmental temperature reaching 37°C and RH varying between 60 and 80% inside the poultry shed was experienced from 36 to 42 d of age. Those conditions were responsible for most of the mortality observed during the experiment. There were no distinguishable effects of the regimens on mortality, with a total of 49 to 54 dead or culled birds per treatment.
In experiment 2, effects of allowing access to feed for different times were measured. The treatments in a 24-h cycle were a constant control diet, 50% PM-50% EM, 40% PM-60% EM, or 80% PM-20% EM decreasing to 40% PM-60% EM. BW at 2 wk of age was on average lower (302 g/chick) than during the first experiment (413 g/chick). During the experimental period (2 to 7 wk of age), BW gain of the chickens fed a Seq program with the lowest access to P feed (40% PM-60% EM) was on average significantly lower than the BW gain of the chickens fed the control diet (Table 5) . Feed intake did not vary significantly between regimens. The feed/gain ratio was on Sequential feeding program with alternate distribution of PM and EM in the time proportions: 50% PM-50% EM, 40%PM-60% EM, or 80% PM-20% EM decreasing to 40% PM-60% EM. PM = feed moderately rich in protein; EM = feed moderately rich in energy.
average 3% higher in the Seq (40% PM-60% EM)-fed group compared with the control group.
On average during the entire experimental period, chickens ate an amount of feed proportional to time allocation in the control and Seq (50% PM-50% EM) regimens. Chickens ate proportionally more PM feed than timeallocated in the Seq (40% PM-60% EM) regimen (43.8 instead of 40%) and less in the progressive Seq regimen (55.9% instead of 60%). However these proportions were different during the first 2 wk of the experiment, compared with the last 3 wk of the experiment. For the 50% PM-50% EM and 40% PM-60% EM sequential regimens, chickens overate PM from 2 to 4 wk of age (58.2 and 51.8%, respectively) although they underate PM from 4 to 7 wk of age (44.5 and 38.5%, respectively). From 2 to 7 wk of age, the postcalculated average energy contents of the regimens were 3,160, 3,185, 3,205, and 3,165 kcal/ kg for control, Seq 50% PM-50% EM, Seq 40% PM-60% EM, and Seq 80% PM-20% EM decreasing to 40% PM-60% EM, respectively. Their respective lysine concentrations were 0.99, 0.99, 0.95, and 1.02%.
No significant variations in body composition were observed, except for a higher level of abdominal fat in the Seq 40% PM-60% EM-fed chickens compared with the controls.
Given the specific conditions of experiment 2 (low BW at 2 wk of age, and warm period at 6 wk of age), sequential feeding did not significantly reduce performance of chickens when the time allocated to the P feed was sufficient to maintain a lysine intake similar to the control complete feed. Transitory over-consumption of the P feed was observed at an early age when the time allocation to that feed was 40 or 50%.
Experiment 3. 48-h Cycle: Phase Duration
Two chickens died during the experiment (one control and one from Seq EM-PM). Average BW gain, feed intake, and feed/gain ratio of the chickens offered feeds PM 1 d and EM the next day were identical and not significantly different from the chickens fed the control diet (Table 6 ). In contrast, chickens receiving the 2 Seq feeds for varying lengths of time (Seq random) exhibited significantly lower feed intake and growth compared with the other diets. Their average feed/gain ratio was significantly higher than those of regular Seq programs.
Although all Seq feeds were available for the same overall duration, chickens ate more EM than PM. The proportion of PM feed eaten was significantly less in the Seq random regimen than in the regular Seq programs. Irregular fluctuations of PM intake from 30 to 45% of total feed eaten were observed with age in the Seq random regimen (not shown). The postcalculated average energy contents of these regimens were 3,070, 3,045, and 3,060 kcal/kg for control, regular Seq, and Seq random, respectively. Their respective lysine concentrations were 1.04, 1.09, and 1.05%.
Alternating EM and PM feeds for phases of 24 h did not affect the performance of broiler chickens from 15 to 40 d of age. In contrast, irregular distribution of the same feeds for the same total durations during a 48-h cycle reduced PM intake, feed intake, and BW gain.
Experiment 4. 48-h Cycle: Feed Composition
In Experiment 4, 5 steady 48-h-cycle Seq with varying differences of energy and protein contents between EM and PM were compared with a C diet. The total number of dead and culled chickens during the experimental period varied from 0 for Seq 5, to 4 chickens per regimen for controls and Seq 2, without identifiable relationships with the diet. Average BW gain was significantly lower for the Seq 5 regimen compared with the control complete diet (Table 7) . At almost constant energy concentration, there were no differences in total feed intake between the control and Seq regimens 1 and 2. Compared with the control diet, feed intake was significantly increased when lowenergy PM1 was fed with EM (Seq 3). Increasing the ME content of the P feed significantly reduced the total feed intake when Seq 5 was compared with Seq 3. Chickens fed the control diet had the lowest feed/gain ratio. However, differences were not significant among the control diet and Seq 1 and 5. The feed/gain ratio was 3% higher for Control complete diet was compared to 3 types of sequential (Seq) regime: regular alternations for 24 h of PM and 24 h of EM (Seq PM-EM) or the reverse (Seq EM-PM) or the same feeds given in a random order for times varying from 30 min to 12 consecutive h (Seq random). PM = feed moderately rich in protein; EM = feed moderately rich in energy.
Seq 2 and 4 compared with the control diet and 9% higher for Seq 3, which differed significantly from all other treatments. However, feed/gain ratio, expressed in kilocalories per kilogram and corrected for the actual ME concentration of the diets ingested, was 5.61 for Seq 3 and 5.47 for the control diet.
The proportion of feed eaten on days with the P feeds of each Seq regimen was less than 50% of the total intake. At constant ME concentration, a larger protein gap between the 2 feeds decreased the consumption of the P feed, 48.4% of total feed intake for Seq 1 compared with 44.7% for Seq 2. At a constant protein gap between the 2 feeds, an increase in ME concentration in the P feed significantly decreased its consumption, from 47.6% of total feed intake for Seq 3 compared with 43.1% for Seq 5. The postcalculated average energy contents of these regimens were 3, 090, 3,085, 3,060, 2,940, 3,055, and 3,195 kcal/kg for control, and Seq regimens 1 to 5, respectively. Their respective lysine concentrations were 1.15, 1.14, 1.12, 1.20, 1.14, and 1.12%.
No significant effect of the regimen on body composition was noted except for higher abdominal fat content for Seq 5 compared to lower-energy Seq 3 and 4 (Table 7) . Corrected for the actual ME concentration of the ingested diets, feed/gain ratio expressed in kilocalories per kilogram was 5.78 for Seq 5 compared with 5.62 for Seq 4 and 5.61 for Seq 3. Control complete diet was compared with 5 sequential regimens that alternated 2 different feeds every 24 h (see Table 2 ).
3 PM = feed moderately rich in protein; EM = feed moderately rich in energy; High = 22.1% CP; low = 17.3% CP; High+ = 25.2% CP; low+ = 14.1% CP.
Alternating very different feeds for phases of 24 h had a limited negative effect on performances of broiler chickens from 15 to 48 d of age. The observed tendency to underconsume the P feed offered increased with the gap of protein concentration between the 2 feeds at constant ME levels.
Digestibility Tests. 48-h Cycle
The measured AME n values were close to the calculated concentrations (Table 8 ). The SEM of the AME n values varied from 1.0 to 2.6% of the mean values. There was never more than one and one-half SEM difference among the measured and calculated values. The measured AME n values of the Seq regimens were consistent. SEM varied from 1.1 to 2.9% of the mean values. There was less than one SEM among the calculated and measured AME n values of the Seq feeds. Within the conditions of these tests, Seq feeding did not change the metabolizability of energy of the feeds.
FieldTtrials: 48-h Cycle Seq
A Seq regime similar to the regular 24-h Seq of experiment 3 and to Seq 4 in experiment 4 was tested against the regular commercial complete feed in twin poultry sheds at 2 broiler farms. The comparison was repeated See Tables 1 and 2. 2 PM = feed moderately rich in protein; EM = feed moderately rich in energy. Seq = sequential.
3
Seq measured: EM and PM were each fed alternately for 24 h during the balance trial; Seq calculated values were calculated by combining the ME values obtained from individual feed balance tests.
twice at each farm with 34,500 chickens per shed ( Table  9) . None of the comparisons tested reached significance (P > 0.05), and there were no noticeable differences in mortality, BW, or feed/gain ratio at the same age. Feed intake varied from one flock to another, but the proportion of P feed consumed was on average close to 50%. The tendency of the chickens to overconsume the E feed observed in the experiments was not observed under field trial conditions. The litter was slightly wetter with Seq feeding compared with controls due to higher water consumption on days when PM feeds were fed. Mortality was greater at farm 2 than at farm 1 because of a warm period at 34 d of age in flock 2. No clear difference in mortality between the 2 regimes was identified. However, a consistent tendency to a lower occurrence of lameness was observed in sequentially-fed flocks (Wilcoxon, z = 1.83, P = 0.07). In flock 4, breast meat yield was numerically lower from broilers fed the Seq than that from the (Table 3 ). The relative intake was corrected for an equal number of days of distribution of each feed in each flock.
Assessed during a standardized 200 m walk inside the shed during the last week of production (gait score ≥ 3; Kestin et al., 1992) . Diet comparison: Wilcoxon, z = 1.83, P = 0.07. controls; however, the result was not significant when data from all flocks were compared.
DISCUSSION
In the first 2 experiments (24-h cycle) Seq regimens either reduced chickens' growth and feed efficiency compared with the control complete diet or had no significant effect. In only one case (Seq PM-EM of experiment 1) was BW gain significantly improved by Seq feeding. When significant decreases in growth and feed/gain ratio were observed in both experiments, the average concentration of lysine of the diet actually eaten was on average lower in the Seq diet than in the control. Conversely, better growth was associated with higher lysine concentration in the Seq PM-EM regimen in experiment 1 compared with the control feed. These differences in overall lysine concentration resulted from the composition of the feeds offered and from the proportion of each feed ingested by the chickens on Seq feeding.
Wide differences in feed composition such as between feeds P and E (experiment 1) can be compared with the Seq feeding of whole wheat and a balancer feed (Rose et al., 1995; Noirot et al., 1999) . Under practical conditions, the consumption of a high-energy-low-protein feed such as wheat reached 40% of total intake when accessible for only 30% of the time (5 to 7 h per d) without negative effects on performance (Noirot et al., 1999) . Similarly, in experiment 1 chickens overate the E feed, the composition of which was similar to wheat. Low feed intake due to Seq feeding of wheat was reported under experimental conditions (cage and pen) and attributed to "an aversion to eating large amounts of nutritionally imbalanced diets" (Rose et al., 1995) . If aversion was involved in experiment 1, it would more probably have concerned the P feed, which was hardly consumed in the morning, although broilers were all expecting the change in feed when switching from P to E and rushed to eat the E feed immediately after it became accessible. In agreement with Rose et al. (1995) we also found that short phases of access to feeds (i.e., 4 h) encouraged birds to avoid a less preferred food by adopting an intermittent feeding pattern. In our case they decreased consumption of the P feed, although less wheat was consumed in the experiment reported by Rose et al. (1995) when the phases of access were reduced.
The feeding pattern changed when birds endured for several days or perceived amino acid deficiency induced by low intake of the P feed (Figure 1) . Similar fluctuations in feeding patterns were reported for broilers exposed to choices between feeds deficient or balanced in amino acids (Noble et al., 1993) . Our results suggest that, although chickens are able to make appropriate choices when a possible choice is offered (Emmans, 1991; Shariatmadari and Forbes, 1993) , the adjustment might not be accurate or might be subject to change only when their nutritional status is considerably impaired or induces changes in their sensorial appraisal of feeds . A low-lysine feed fed sequentially to young broilers (2 to 12-d-old) is underconsumed and increases bird activity (Bizeray et al., 2002) . Conversely, in experiment 1 the lysine-rich feed was underconsumed. However, in the present experiment not only the essential amino acid composition as well as the energy, fat, and protein concentrations differed between the 2 Seq feeds, and nutrients other than amino acids might have influenced chicken feeding patterns.
Less preference for the E protein-poor feed was shown in experiment 2 than in experiment 1, and at least 2 reasons might explain this difference. The ME concentrations of all feeds were 200 kcal higher in experiment 2 compared with experiment 1. There were consequently fewer differences in fat concentration between PM and EM in experiment 2 than in experiment 1. Another explanation might be related to the BW at 2 wk of age which was 25% lower in experiment 2 than in experiment 1. This initial growth retardation might have induced a greater appetite for protein during the early part of experiment 2. Indeed, in Seq 50% PM-50% EM and 40% PM-60% EM there was a change in feeding pattern with age. During the first week of the experiment, PM intake was proportionally greater than the duration of access, but this was reversed during the last week of experiment 2. The feeding pattern changed to a lower intake of protein and higher intake of energy when broilers became older in both experiments, as reported in several previous studies on Seq and free-choice feeding (Forbes and Shariatmadari, 1996; Picard et al., 1997; Siegel et al., 1997) . Except when the lysine concentration was less than 0.9% of the diet (experiment 1), the leg and breast muscle yields were not significantly reduced by Seq feeding. In accordance with the findings of Rosebrough et al. (1989) , excessive fattening was associated with low-protein intake in both experiments, but no specific effects of Seq feeding on fat deposition were evident in the present study.
One major difference between the first 2 experiments was mortality due to heat at 36 to 42 d of age in experiment 2. If Seq feeding was able to reinforce broiler resistance, a lower mortality rate would have been expected in the Seq regimens compared with the control group. When artificial heat stress was applied to 34-d-old broilers, significantly lower mortality was reported in the Seq-fed chickens compared with the controls (De Basilio et al., 2001) . In experiment 2, the warm period was "natural" and lasted for several successive days, and the warmest parts of the days were endured by the chickens eating PM feed from the morning, although a low thermogenic E feed was fed to chickens prior to and during the artificial heat stress by De Basilio et al. (2001) . The lack of differences in mortality between treatments observed in the present experiment does not preclude the possibility that specific management of the PM-EM sequences might prevent mortality during a warm climatic episode.
When the intake of essential nutrients such as lysine was maintained at a level comparable to the control complete diet, no evidence of any deleterious effect of 24-hcycle Seq feeding on broiler development was observed. Extreme differences between the composition of the 2 sequential feeds and short phases of feed distribution had deleterious effects on growth and body composition. The 4 evaluations of sequential feeding in 48-h cycles consistently supported the hypothesis that this technique has no measurable effect on digestibility of nutrients and very limited effects on muscle and fat deposition in broiler chickens if the composition of the Seq feeds provides an average energy and amino acid intake similar to the control complete diet. A hypothetical negative effect of Seq feeding on broiler performance, if it exists, is very low in comparison with the large day-to-day variations in lysine intake associated with such a regimen (Figure 2) . Sequential feeding might also reduce the gait score under practical conditions, confirming the results obtained by Bizeray et al. (2002) at a younger age.
Feed intake of each Seq feed is an essential key to reaching an overall nutritional balance with Seq feeding. In 48-h-cycle Seq under experimental conditions, feed intake seemed to adjust to both the ME and CP concentra- Table 9 ).
tions by avoiding ME deficit and CP excess. Similar results occurred during digestibility trials in cages. Intake of P feeds in the field trials was on average close to 50% of the total intake (from 47.9 to 51.2%, Table 9 ). There are 3 possible reasons for that result differs from the experimental conditions. The chickens were of different genetic origins (Cobb under experimental conditions and Hubbard-ISA under field conditions). Field trials lasted 6 wk instead of 7 wk for experiments 1, 2, and 4, and the preferential protein intake in sequential feeding decreased with age (Forbes and Shariatmadari, 1996) . However, experiment 3 was also limited to 40 d, and the proportion of PM intake measured was less than 41%. Another possible reason is linked to environmental differences between the studies. The mode of distribution of the feeds (automatic feeders with shutters in experiments 1 and 3, manual inversion of 2 distinct feeders in experiments 2 and 4, cage troughs in digestibility tests, and automatic feed conveyors with plates on the farms) and the social environment of the birds might well have interfered with the feeding pattern in Seq feeding.
The consistent results of the digestibility tests and body composition of experiment 4, despite the wide range of feed composition tested, suggest relatively constant energy utilization whatever the Seq feed used. The digestibility of feeds of unusual composition can be affected by age of the chickens, especially for high-energy-low protein feed (Bartov, 1995) . The chickens used for the digestibility tests were of the same genotype and sex and at an age (20 to 24 d) corresponding to the sequential feeding period (15 to 49 d of age). Body compositions of the chickens fed the 5 sequential diets tested in experiment 4 were similar to those of broilers fed control complete feed. The only significant effect was a lower fatness of Seq 3 compared with Seq 5 chickens that could be explained by the lower lipid content of Seq 3 compared with all other diets in experiment 4. No degradation of the energy and protein utilization attributable to Seq feeding could be evidenced in the 4 approaches presented alternating full days of distribution of the feeds except for a 3% increase in feed/gain ratio in which underconsumption of protein reduced lysine intake (experiment 4, Seq 2).
The relatively high efficacy of sequential feeding in 48-h cycles raises theoretical issues that require further nutritional research. None of the Seq feeds tested would be transformed efficiently by chickens if they were fed alone. Neither a 3,300 kcal/kg with 0.7% lysine diet nor a 2,800 kcal/kg with 1.4% lysine diet would meet a broiler's nutritional requirements. If alternating such feeds every 24 h is almost as efficiently used as a complete balanced diet, this implies buffer storage of nutrients such as amino acids for over 24 h and effective short term adaptation of the metabolism to extreme nutritional status. Rosebrough et al. (1996) reported that switches of dietary protein levels at 4 wk of age induced variations in insulinlike growth factor I (IGF-I) as early as 2 d later. However, prior to any significant variation in IGF-I in the plasma, the fractional synthesis of protein increased in less than 0.5 h after refeeding following feed withdrawal, and breast muscle was more sensitive than leg muscle (Aman Yaman et al., 2000a) . S6K1 kinase, an enzyme involved in the control of protein synthesis in broiler muscles, is also activated in less than 0.5 h after refeeding (Bigot et al., 2003) . Refeeding protein alone or combinations of nutrients stimulates short-term protein synthesis in the muscle and liver, although refeeding fat or carbohydrate alone does not (Aman Yaman et al., 2000b) . In this last experiment, plasma insulin and IGF-I did not vary significantly within 0.5 h after refeeding.
A central role of insulin in short-term regulation of protein synthesis might, however, be involved in Seq feeding, as intermittent protein deprivation results in increased insulin sensitivity of target tissues and modifies β-cell sensitivity to glucose (Simon and Rosselin, 1979) . Sequential feeding offers an interesting model for the study of the short-and longer-term respective roles of insulin and amino acids in the regulation of protein synthesis. Because repeated cycles of 12/30% CP feeds enhance metabolic responses compared with a single cycle, and dietary protein also alters lipid metabolism and gene expression (Rosebrough et al., 1989; , Seq feeding might be useful to provide better understanding of the adaptation of lipid and protein metabolism of broilers to their diets.
The feasibility of Seq feeding of broilers with distinct dietary concentrations of energy and amino acids on alternate days of similar efficiency to a complete feed might provide new opportunities to modulate growth, adapt the diet to short-term environmental variations, and possibly reduce gait score. Further research is needed to ensure the relative intakes of distinct feeds, to evaluate alternations of different nutrient concentrations, and to evaluate longer cycles. From a more theoretical standpoint Seq feeding has been confirmed to be an interesting paradigm for studying muscle protein synthesis and regulation of lipid metabolism in chickens.
